Abstract -The present paper investigates the complete regulation strategy for a large double-fed asynchronous motorgenerator equipped with a 3-level VSI cascade for applications mainly in the field of pumped storage plant. For the present application, the specific problem of the DC link capacitors voltage balancing is investigated. Also a sensorless method for the determination of the rotor angle is proposed and verified in practice. Measurements of the system performed on a laboratory low power system are discussed and compared to simulations.
INTRODUCTION
In a concern for sustainable development, the rational use of electrical energy implies having transportation networks capable of transmitting large quantities of electrical energy over long distances as well as adequate storage plants.
This double requirement is the consequence of the fact that electrical energy has to be produced and consumed simultaneously, as direct storage of large quantities is not economically feasible. Nowadays, as thermal power plants and run-off river plants are always working at their nominal power for economic reasons, it is not possible to cover the large space and time demand variations without having an efficient transportation network and adequate storage capacities.
The inventory of large storage plants reveals the solution "pumped-storage plant" as being one of the best in terms of storage potential, flexibility, reliability, response time, efficiency, risks and costs.
Nearly all the pump-turbine groups operating today consist of synchronous motor-generators working at the network frequency and therefore at constant speed. The performance and efficiency of such groups can be significantly improved by using variable speed motor-generators, and more specifically double-fed asynchronous motor-generators. The few variable speed units in operation today are equipped with a cycloconverter cascade.
The purpose of the present paper is to propose the replacement of the cyclo-converter solution [1, 2, 3] by a back to back 3-level VSI cascade [4] and to investigate the complete regulation strategy. This solution, compared to the cycloconverter, requires only one standard transformer and has the advantage of providing the possibility of regulating the reactive power in the rotor cascade as well as not polluting the network with sub-harmonics. Fig. 1 illustrates the structure of a slip energy recovery drive system with 3-level VSI cascade, which is decomposed in two sections, the transformer and the machine sections. These sections will be investigated in the following paragraphs. Fig. 3 show the Fourier series decomposition of the line current at the grid interconnection point, for respectively the 3-level VSI and the cyclo-converter solutions. Fig. 4 and Fig. 5 show the corresponding line current on the primary side of the rotor cascade transformer. These figures concern a double-fed asynchronous motor generator of 230 MVA, 15.75 kV, 50 Hz, 18 poles.
In Fig. 3 the sub harmonics present in the cyclo-converter solution are clearly seen. Also, for the same operating point at the grid interconnection point, the Total Harmonic Distortion (THD) of the 3-level VSI solution is much lower than the THD of the cyclo-converter solution. Fig. 4 shows that for the 3-level VSI solution, the line current on the primary side of the rotor cascade transformer is close to a sinus wave, whereas in Fig. 5 the current ais modulated with the slip frequency as the cyclo-converter solution is a direct frequency converter. The aim of the transformer section ( Fig. 1) is to regulate the reactive power flow through the rotor cascade transformer while keeping the DC-link overall voltage at a constant value irrespective of the active power flow. These goals can be reached in two different ways, either by using the classical or the state-space control.
Both regulation strategies have the same form, which is presented in Fig. 6 . This is a cascade control, with the transformer primary side current being the innermost. The regulation is performed in a reference frame locked on the transformer primary side voltage phasor.
A comparison between both regulation strategy shows that for the current application the classical control fulfils the requirements [4, 5, 6] .
With the design presented in [5] , the main advantage of the state-space control is a better rejection of the disturbance of the line voltage. In practice, in the range of power studied, the line voltage is only varying very slowly. Also, the time constants of the system, even in the transformer section, are mainly limited by the machine and more specifically by the hydraulic parts. The aim of the machine section ( Fig. 1) is to regulate the machine speed and the stator reactive power in motor and generator modes. Note that the stator and the rotor of the machine offer completely decoupled magnetizing sources.
III. THE MACHINE SECTION
The transient simulation presented in Fig. 8 to Fig. 11 was performed with SIMSEN [7] and concerns an asynchronous motor-generator of 230 MVA, 15.75 kV, 50 Hz, 18 poles. The group is in pump mode at a speed of 1.1 pu, the external torque is 0.5 pu and the stator reactive power zero. At 0.05 s the speed set value changes to 0.9 pu, at 0.2 s the reactive power set value goes to -0.25 pu and comes back to zero at 1.4 s, finally the external torque changes to -0.5 pu at 1.6 s. The last change has evidently no practical application; it is simulated only as a test for a large external torque variation.
The performances observed in Fig. 8 to Fig. 11 in terms, either of decoupling or of rise / fall response times, demonstrate that the classical control strategy applied to the machine section fulfils the requirements for pumped storage plant. One of the main drawbacks of the 3-level VSI is the possibility of having, in the presence of asymmetries, the creation of an unbalanced DC component present in each capacitor of the DC link, which must be distinguished from the natural DC-link oscillation [8] .
The signal used to measure the DC-link oscillation is called u DCdiff and is the difference between the two capacitor voltages as defined by equation (1), where u DC1 and u DC2 are the two capacitor voltages.
The oscillation present in u DCdiff is composed of frequencies being all the odd multiples of the AC side 3 rd harmonic, with decreasing amplitudes [8] . As in the present study two VSIs are put back-to-back with different AC-side frequencies; the resulting DC-link oscillation is composed of frequencies (f uDCdiff ) being the odd multiples of both AC-side 3 rd harmonics as given in equation (2), where i = 1,3,5,7…, where f n is the nominal frequency (here 50 Hz) and where n is the machine mechanical speed in pu. 
It is important to note that for a motor speed close to the synchronous speed, the frequencies generated in u DCdiff by the rotor side VSI are very low. As shown later, these very low frequencies components must not be considered as a DC component by the DC unbalance control strategy.
The DC component of u DCdiff , which will be denoted u DCdiff0 , can therefore only be determined by using adequate filtering. In a concern for practical applications, the filter designed in the following sub section is only of low order to economise calculation time and ensure an easy implementation in a DSP.
A. Filter design
Due to the fact that the frequencies on both sides are not in the same range, the filter comprises two different elements.
The first one is a simple low pass filter which filters the fixed frequencies coming from the transformer side and the second one is an adaptable notch filter which follows the frequencies coming from the rotor side.
The transfer function of the resulting filter is given by equation (3) .
where T lp is the low pass time constant, K is the depth of the notch filter and ω 0 its central frequency.
B. Filter validation
For the filter validation, two different tests have been performed.
The first one is to check the filter for many different operating points of the system and to check that it filters the pulsating components. As expected, for all the cases tested, the result was that no amplitude higher than 10 -4 was obtained for the pulsating components.
With the second test, the goal is to ensure that the filter does not remove the DC component itself. Therefore, for different steady-state load conditions, an artificial DC-component of 0.1, ±0.05 and 0.01 pu is added to u DCdiff and filtered. Table I summarizes the results obtained and the last column validates the accuracy of the designed filter.
The last two lines in Table I correspond to a very low slip value (0.001). In these cases u DCdiff contains a pulsating component with a frequency of 0.15 Hz, which is almost a DC component. For the filter, this low frequency pulsating component must not be confused with a DC component, and the filter output must be zero in that case. The last two lines in Table I validates that the designed filter fulfils this requirement. 
C. Control strategy
A DC component in u DCdiff naturally generates a 2 nd harmonic on the AC side which counteracts its driving force [8] . Therefore, as proposed in [9] , deliberately inserting this 2 nd harmonic with large amplitude compared to the natural 2 nd harmonic, helps to remove the unbalanced DC component faster than the self-balancing abilities of the 3-level VSI. The regulator acts by inserting a negative sequence 2 nd harmonic in the VSI gate command voltages, creating the desired negative sequence 2 nd harmonic.
The injection of a 2 nd harmonic in the gates command can simply be explained by the fact that it will create an asymmetric pulse pattern which will result in the creation of an asymmetric NP (Neutral Point) current and thus to the appearance of a DC component in that current, which will either contribute or counteract to the DC unbalance component present in the DC-link capacitors voltages. That latter statement implies that the sign of the injected 2 nd harmonic is not fixed and may invert depending on the operating point because of the convolution between the voltages and currents creating the NP current. The particular moment found when the DC component reverses its sign, while the DC-link DC component remains the same, is called the "critical point".
For a quick determination of the critical point through simulations, a parameterized model has been built in SIMSEN [7] . Once the specified operating points are reached and stabilized, the model checks the action of the DC unbalance control by inserting a 2 nd order harmonic in the gates command signals. Then, a look at the results indicates which voltage between u DC1 and u DC2 is rising for each operating point and therefore if the critical point has been reached. Table II summarizes the results for the simulations performed and shows which voltage is rising when injecting the 2 nd harmonic. When the rising voltage is different, then a sign reversal has occurred. The grey cells represent an overall current of more than 1 pu.
As can be seen from the results in Table II , the regulator always acts in the same way, meaning that for the current application no sign reversal has to be applied to the regulator or in other words that the critical point is out of the system operating range. Due to the fact that the system is completely defined in per unit, the results found in Table II can be generalized.
In fact, only three cells are found to have the sign reversed, but are either out of the acceptable overall current (grey cells) or in the case of full reactive mode of -1 pu which will practically never be used.
Two cells are found with a "-" meaning that in that case, no particular rise or fall of any voltage is found, or that the time constant is very large (nearly the same as the self balancing time constant).
Of course, these simulations would have to be verified in practice as some parameters are not exactly known. A sensitivity study of the main parameters has to be performed for each particular application to ensure that the values given in Table II are reliable.   TABLE II 
D. DC unbalance control simulations
With the filter designed, the control chosen and the critical point checked, simulations have been performed.
The case presented is obtained after manually setting an unbalanced DC component of ± 7% (14 % overall) between u DC1 and u DC2 . The steady-state point reached before inserting the unbalanced DC component is defined as follows: without reactive power on both the transformer side and machine stator side, the mechanical torque at -0.6 pu and the speed at 1.1 pu. Fig. 12 and Fig. 13 show the response of the capacitors voltages u DC1 and u DC2 without and with regulation. From the simulation it can be seen that natural self-balancing occurs and tends to slowly remove the DC unbalance after about 5 seconds (Fig. 12) , whereas the controller corrects the DC unbalance in less than 500 milliseconds (Fig. 13) . Note that the regulator could be set to react faster by increasing the gain factor or raising the output limits, but with the drawback of injecting an undesirable 2 nd harmonic of higher amplitude into the grid. 
V. SENSORLESS DETERMINATION OF THE ROTOR ANGLE
For the practical application a sensorless method has also been developed and tested. It is based on [10, 11] , but without calculating any flux.
The principle is summarized in Fig. 15 and is the following. A measurement of the rotor currents, performed in the main field reference frame at the time (k-1) is compared to an estimation of the same currents in the same reference frame but at the actual time (k). The rotor angle at the time (k) is then given by Equation (6) . Of course the method depends on the estimation, which is given by Equation (4). Note that for large machines, Equation (4) can be simplified to Equation (5 
Of course the parameters r s , x s and x h are to be measured, or precisely estimated. Fig. 16 and Fig. 17 show the comparison between the sensorless method in grey and an absolute position encoder in black, for respectively a speed up and a speed down steps, for the system presented in the following section ( § VI).
The worst case found in Fig. 16 shows, for the present application in transient, a maximum error of less than 10 degrees. This validates the sensorless method proposed. Note that in high power systems, with smoother currents, a better accuracy would be expected.
Time VI. PRACTICAL APPLICATION For the practical application, the system has the following parameters.
Transformer S nT =780VA, f n =50Hz, U 1 =380V, U 2 =25V. Short circuit impedance :
• resistance = 0.034575 pu • reactance = 0.00515 pu • stator resistance = 0.1 pu • stator leakage reactance = 0.12 pu • main field reactance = 2.34 pu • rotor leakage reactance = 0.12 pu • rotor resistance = 0.075 pu,.
DC-link U DCn = 45 V, C 1,2 = 0.066 F.
Note that due to the very low reactance of the low power transformer used, an inductance has been added on the primary side of the cascade transformer. Thus, the transformer reactive power is measured on the network side of this inductance and not on the transformer primary side. Fig. 18 illustrates the hardware used with the cascade transformer (top right), the DSP and I/O boards (top left), the 3-level VSI (bottom left). On the right hand side is the doublefed asynchronous machine, whereas on the left hand side is a DC machine used to simulate the pump-turbine load. Fig. 19 show the SIMSEN [7] representation of the complete system and regulation strategy for comparison with the real measurements. The complete regulation includes the transformer section control, the machine section control and the DC unbalance control.
The transient chosen for the comparison between simulation and measurements is the fly wheel effect, which is the possibility, in turbine mode, of rapidly injecting active power into the grid by slowing down the machine speed set value. The three following figures show the comparison between simulation results (light grey) and measurements (black). All the results are in per unit and refer to the machine nominal power. Fig. 20 shows from top to bottom, the speed, the reactive power and the active power on the machine stator terminals. Fig. 21 shows the active and reactive power at the cascade entry point. The generation of even numbered harmonics due to a relatively high saturation level of the machine leads to a constant action of the DC-unbalance controller, which results in the ripple of 150 Hz found in the transformer primary side measurements. However, this has nearly no effect on the machine (Fig. 20) . In spite of this, it can be said that during the transients the capacitors voltage is kept balanced, as it never exceeds 7-8%. Fig. 22 shows the overall DC-link voltage (top) and the two capacitors voltage (bottom). The DC-link voltage drop found in the transients is due to the fact that once the transformer active power has reached its limit (±0.09 pu), the missing energy is supplied by the capacitors, leading to the voltage drop. This is mainly a limitation of the low power test bench.
When performing a flywheel effect, the important point is the power that the system can supply to the network. Fig. 23 shows the machine stator power in grey and the overall power supplied to the network in black. It can be seen that the overall power supplied quickly reaches its maximum value and slowly decreases. This decrease is due to the high level of the losses in the power electronics.
To have a better idea of the flywheel effect in high power systems, a simulation has been performed with the system defined a high power system of 230 MVA. Fig. 24 shows the machine stator power in grey and the overall power supplied to the network in black. Compared to Fig. 23 , at the beginning, and as expected, the rotor cascade supplies the network with an active power of (-s⋅p s ), explaining why the network power reaches -1.32 pu (the machine stator power limit is set to 1.2 pu). Then, the overall power supplied to the network decreases with the speed to -1.08 pu, before reaching its final value once the speed limit is reached The present paper presents the modeling, simulation and practical application of a double-fed asynchronous motorgenerator for pumped-storage plant, equipped with a 3-level VSI cascade.
The problem of the DC unbalance control in the particular present application is studied. A solution is proposed and tested in practice. This solution uses a specific adaptable filter and is based on the injection of the 2 nd order harmonic. A method for the determination of the critical point has been developed. It ensures the correct action of the regulator over the whole operating range. This important aspect has also been validated.
A sensorless method is presented for the determination of the rotor angle, needed in the control strategy. Measurements performed on a low power system validate the method.
Finally, comparison between simulations and measurements, performed on a low power system, validate not only the complete control strategy, but also the DC unbalance control, the sensorless method and the modeling of the overall system.
This study provides a useful basis for an optimized design of a large variable speed motor-generator equipped with a 3-level VSI cascade.
